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Chapter 1: 
Introduction  
Diets rich in fruits and vegetables are widely recommended for their health-promoting properties. 
Epidemiologic data support the association between high intake of vegetables and fruits and lower 
risk of life style related disease. There are several biologically plausible reasons that offer 
consumption of vegetables and fruit might slow or prevent the diseases, especially they have a 
variety of nutrients, including vitamins, trace minerals, and dietary fiber, and many other classes of 
biologically active compounds. Among the biologically active components, indole containing 
compounds are well notable. In plants, indole chemicals control their defense systems and growth, on 
the other hand, they also modulate oxidative stress and hormone secretion in animal cases. Over 400 
types of indole molecules are existed and among them tryptophan is well described basically for its 
neurological and metabolic functions. L-Tryptophan is a large neutral amino acid and after its uptake 
into the various tissues and cells, it is then introduced into protein metabolism and synthesis, or can 
enter into various metabolic paths depending upon the tissue expression of specific enzyme activities. 
More recently, several studies have suggested that tryptophan may have several beneficial effects on 
gut health by regulating intestinal inflammation especially in inflammatory bowel disease (IBD), 
such as ulcerative colitis (UC) and crohn’s disease (CD). UC is a chronic disease that is characterized 
by diffuse inflammation of the rectal and colonic mucosa. The main cause of UC is likely related to 
modern life- style practices in Western and Asian countries rather than genetic factors. Specifically, 
increasingly hygienic environments, intake of Western-style diets (especially high fat and low dietary 
fiber), increased mental stress, and inadequate exercise may have acted in jointly to reshape the 
intestinal microbiome to initiate dysbiosis, resulting the incidence and prevalence of UC. While the 
proportion rate of UC is high in the United States and Western Europe, almost 34 and 263 per 
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100,000 children and adults, respectively, in 2009, the number of cases in East Asian countries, such 
as Korea and Japan, has also increased in recent years. In UC, indole compounds are shown to 
increase epithelial layer integrity, promoting the commensal bacteria growth and reduce 
inflammatory cytokine levels during inflammation. Although the exact molecular mechanism is not 
fully revealed. Thus this study describes an outline of the molecular relationship among the 
microbiota, metabolites, and the host immune system and highlight outstanding examples of how 
metabolites contribute to health and disease of the host. Dietary supplementation containing high 
tryptophan or microbiome mediated tryptophan metabolites may be a promising and excellent 
preventive agent for UC. Tryptophan metabolite, serotonin also modulates the activity of peripheral 
sites, in particular the gut function, the immune and inflammatory responses, the differentiation 
process of blood stem cells, and the hemodynamic function in normal physiological condition and 
plays important role in prevention of metabolic syndrome. It has thus become increasingly believe 
that the indole compounds are important orchestrators of host physiology and pathophysiology 
through the control of a large range of metabolic and inflammatory processes, which can be applied 
in the future as a therapeutic option for the treatment of the patients with life style related disease. 
 
Chapter 2: 
Study 1: Simultaneous analysis of serotonin, tryptophan and tryptamine levels in common 
fresh fruits and vegetables in Japan using fluorescence HPLC 
Introduction: 
A wide number of plants, produce different quantities of indole, which is widespread in animal 
intestinal tracts and worked as an interspecies and interkingdom signaling molecule, plays important 
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roles in immunity. This study represents the tryptophan as well as its major metabolites tryptamine 
and serotonin levels in common foods. 
Methods:  
For single food analysis, eight uniform fruits or vegetables were cut, pooled, and thoroughly mixed 
using a blender. After blending, three 1.0-g aliquots were taken and mixed with 4 volume of 0.2M 
perchloric acid, homogenized and centrifuged at 12,000xg for 10 min. After centrifugation, 
supernatant was used for fluorescence HPLC analysis. Separations were performed using the 
following gradient profiles: 0–5 min, 10 mM HCOONH4, pH 3.4; 5–15 min, linear gradient of 0–25% 
acetonitrile in 10 mM HCOONH4, pH 3.4, in an Atlantis C18 reverse phase column at 30 °C with a 
flow rate of 1.0 mL/min. Fluorescence was detected at excitation and emission wavelengths of 300 
nm and 355 nm, respectively.  
Results:  
Serotonin levels in the fruits tested ranged from 0.05–9.52 μg/g of fresh weight (Table 1.1). The 
highest serotonin levels were detected in kiwi and banana. Among the fruits tested, watermelon had 
the highest tryptophan level. The highest tryptamine level was found in kiwi. Among leafy 
vegetables, serotonin levels ranging from 0.07–0.19 μg/g and tryptamine levels of 0.26–0.71 μg/g of 
fresh weight were detected in spinach, lettuce, cabbage, and Chinese cabbage. Tryptophan levels 
were much higher, ranging from 6.46–32.00 μg/g of fresh weight (Table 1.2). All root and shoot 
vegetables had significantly lower levels of serotonin <1.0 μg/g of fresh weight (Table 1.3). Among 
the flower and fruit vegetables, cherry tomato had the highest serotonin levels (Table 1.4). Tomato 
also had relatively high serotonin levels. The highest levels of tryptophan were detected in broccoli. 
Conversely, broccoli, and bitter melon had low tryptamine levels (less than 1.0 μg/g of fresh weight). 
This study may be used to construct a database for serotonin content in common foods to estimate 
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their potential contribution to dietary requirements, thereby allowing us to make food choices that 
maximize our health benefits. 
 
Study 2: Dietary tryptophan alleviates dextran sodium sulfate-induced colitis through aryl 
hydrocarbon receptor in mice 
Introduction 
Tryptophan is an essential amino acid, which plays important roles as both basic substrates and 
regulators in many metabolic pathways and possesses various non-nutritional functions potentially 
important for UC prevention. Here, preventive effects of dietary tryptophan has been investigated in 
a mouse model of dextran sulfate sodium (DSS) induced experimental colitis. Although the 
molecular mechanism beyond its protective effect has not been unidentified, this study evaluated the 
effect of tryptophan supplementation on the activation of aryl hydrocarbon receptor (Ahr). Dietary 
tryptophan increases the microbiota mediated tryptophan metabolites, especially tryptamine which 
acts as ligand for Ahr. Ahr is an important regulator for not only xenobiotic metabolism, but also 
adaptive and innate immunity. Ahr signaling pathway stimulates mucosal type 3 innate lymphoid 
cells to produce interleukin-22, which induces antimicrobial peptide and mucin molecule production, 
suggesting a role for indole compounds during the mucosal healing process and may represent an 
effective treatment strategy for UC prevention.  
Methods: 
Female wild-type (WT) and Ahr-deficient (knockout; KO) mice (10–12 weeks old) were divided into 
4 groups and fed either a control (AIN93M) or 0.5% tryptophan diet (supplemented in AIN93M). 
Experimental diets were provided prior to 4 days of DSS administration. Colitis was initiated by 3.5% 
DSS mixing with drinking water for 8 days. At the end of the observation period, all mice were 
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sacrificed and colons and spleens were collected in order to determine tryptophan association with 
colonic inflammation. 
Results: 
General observation of colitis 
The body weight change (%) and disease activity index (DAI) for different groups are shown in Fig. 
2.1 (A-B). In all groups except the WT group that received the tryptophan diet, the colon was 
significantly shortened and spleen length and weight were significantly increased in Fig. 2.2 (A–C). 
Tryptophan diet and AHR reduces colitis severity and marker  
Histopathological analyses were performed to investigate morphological changes such as epithelial 
abrasions, cryptal disturbance, and inflammatory cell infiltration in mucosal and submucosal areas of 
the colon. Representative hematoxylin and eosin (H&E)-stained sections are shown in Fig. 2.3 (A–D). 
The histological score, myeloperoxidase (MPO) activities and thiobarbituric acid reactive substances 
(TBARS) levels were found higher in all groups except WT group that received the tryptophan diet 
in Fig. 2.3 (E-G). All animals treated with DSS showed significantly increased levels of the 
proinflammatory cytokines Tnfα and Il-6 in the serum and the colonic mRNA of expression of the 
proinflammatory cytokines and chemokines as compared to the levels in the WT mice that received 
the tryptophan diet in Fig. 2.4 (A-H).  
Tryptophan diet increases Ahr ligand levels and Il-22 and Stat3 mRNA expression 
Fresh feces were collected for tryptamine determination before DSS administration. Tryptamine 
levels were increased in both the WT and KO groups that received the tryptophan diet but not the 
control diet (Fig. 2.5 A). Serum tryptophan and tryptamine, and colonic tryptamine levels were 
measured at the end of the DSS administration (Fig 2.5 B-D). We further characterized the effect of 
Ahr and the tryptophan diet during colitis, and our results showed that the tryptophan diet 
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significantly enhanced the mRNA level of Ahr in WT mice (Fig. 2.5 E), and that the induction of Ahr 
also led to increased Il-22 and Stat3 mRNA expression (Fig. 2.5 F-G). Furthermore, Il-22/Stat3 
induction resulted in increased mRNA levels of the antibacterial peptide Reg3γ and mucus-associated 
mucins in the WT group that received the tryptophan diet, but not in other groups (Fig.2.6 A–E). 
Tryptophan diet upregulated Foxp3 expression but downregulated Il-17 mRNA expression only in 
the WT group (Fig. 2.6 F-G). 
Discussion: 
Although there are some studies regarding the environmental contaminants such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin, and Ahr in prevention of IBD, but there is still lack of information 
giving the dietary tryptophan and Ahr in the prevention of IBD. This study successfully demonstrated 
the regulatory role of tryptamine production after tryptophan supplementation as well as controlling 
the mucosal immune responses via Ahr, which finally illustrated a functional node regarding the 
involvement of dietary tryptophan and Ahr in the molecular etiology of UC prevention.  
 
Study 3: Protective effects of rice bran fermented by Aspergillus kawachii and Lactobacillus in 
dextran sodium sulfate -induced ulcerative colitis in mice 
Introduction: 
Rice bran (RB) is available in most regions of the world as a by-product of rice polishing. Although 
RB is a rich source of bioactive components such as dietary fiber, vitamins, and antioxidants, the 
usages of RB is still limited and it is discarded or used as animal feed. Several methods were 
introduced for example fermentation or enzymatic process or fractionalization of RB to increase its 
quality or making edible for human as dietary supplementation. The fermented rice bran (FRB) could 
be become novel prebiotics for probiotic properties especially in the UC prevention. In our study we 
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have introduced a unique FRB in where Aspergillus kawachii and Lactobacillus were used during 
fermentation process, which enriched almost 6.7 times higher free tryptophan than raw RB.  
Methods: 
Male C57BL6N mice (10–12 weeks old) were divided into 3 groups and fed either a control 
(AIN93M) or 10% RB and FRB. Experimental diets were provided prior to 4 days of DSS 
administration. Colitis was initiated by 3% DSS mixing with drinking water for 12 days.  
Results: 
General observation of colitis 
The body weight change (%) and disease activity index are shown in Fig 3.1 (A-B). After 12 days of 
DSS treatment, mice were sacrificed and their colon length, spleen length and weight were measured. 
Significant shortened colon was found in every group except FRB group. Besides spleen length and 
weight was also found significantly higher in control and RB group than the FRB group as shown in 
Fig 3.2 (A-C). 
Effect of FRB on histology scores, MPO activities and TBARS levels   
Representative HE sections were illustrated in Fig 3.3 (A-C) and histological score was described in 
Fig 3.3 (D), which indicated acute inflammation in the colon tissue of mice with markedly increased 
histological score in control and RB groups but not in FRB. After DSS challenge, MPO activity and 
TBARS value were found higher in control and RB groups but lower in FRB group as shown in Fig 
3.3 (E-F). The proinflammatory cytokines Tnf-α and Il-6, were found higher levels in control and RB 
groups than FRB group in the serum as shown in Fig 3.4 (A-B). The changes in colonic mRNA 
expression of proinflammatory cytokines and chemokines are shown in Fig 3.4 (C-D) and 
demonstrate that the expression of these proinflammatory cytokines significantly higher in control 
and RB groups but not in FRB group.  
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Effect of FRB diet on Tryptophan and short chain fatty acids production 
Tryptophan content was found 5.5 and 31.3 mg/100 g and the tryptamine content was found 0.3 and 
3.2 mg/100 g in RB and FRB groups respectively. High tryptophan and tryptamine containing FRB 
diet increased the tryptophan and tryptamine levels in the feces before DSS administration, which 
may increase the serum tryptophan and tryptamine during DSS administration stage, thus keep higher 
the tryptophan level as shown in Fig 3.5 (A-D). Our study also demonstrated that FRB diet increased 
the production of fecal short chain fatty acids (SCFAs) before DSS administration and colonic 
SCFAs after DSS administration as shown in Table 3.1. Total water contents in fresh feces were 
found 61%, 69% and 76% in control, RB and FRB group, respectively. 
Discussion: 
High tryptophan and tryptamine containing FRB prevented the DSS induced ulcerative colitis 
symptoms and severity effectively than RB and control diets. In this study, higher amount of SCFAs 
were produced in feces and colon in FRB supplemented group, which ensured the effective epithelial 
barrier function and control the mucosal immune system. Finally, these findings may suggest that 
FRB is a potential agent for prevention of inflammation-related gastrointestinal disorder and establish 
a symbiotic relationship with their host, to maintain homeostasis of the gut environment. 
 
Study 4: Measurement of serotonin distribution and 5-hydroxyindoleacetic acid excretion after 
oral administration of serotonin using HPLC fluorescence detection 
Introduction: 
Serotonin (5-HT) is one of the active metabolite of tryptophan, produced mainly in the 
enterochromaffin cells of the intestine, the central nervous system and blood platelets, and is further 
metabolized primarily to 5- hydroxyindole-3-acetic acid (5-HIAA). But there is still lack of 
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information regarding the fate of oral administration of 5-HT. Thus, the time and dose dependent fate 
of 5-HT and its metabolite 5-HIAA were investigated after oral administration of different doses of 
5-HT by using HPLC-fluorescence detection method.  
Methods: 
0, 1, 10, and 100 mg/kg body weight of 5-HT were administered to male ICR mice (6 weeks old) by 
oral gavage. Serum as well as liver and lung tissue samples were collected at 0.5, 1, 3, 6, 12, and 24 h 
after administration. Urine and fecal samples were collected for the entire 24 h post administration 
period to determine overall excretion. 5-HT and 5-HIAA levels were measured by fluorescence 
HPLC. 
Results: 
Serum levels, liver and lung level of 5-HT after oral gavage 
Serum 5-HT levels increased within 30 min after oral gavage (Fig. 4.1). There were no apparent 
differences in the measured 5-HT levels between the control and low dose (1mg/kg) treatment groups. 
In the group receiving the medium and high dose of 5-HT (10 mg/kg), the concentration of 5-HT 
reached its maximum level 12 h after administration and then began to decline (Fig. 4.1). In the liver, 
significant increases in 5-HT levels were observed 1 h after treatment in the high dose group and 
reached maximum levels 3 h after administration (Fig. 4.2). In lung, 5-HT concentrations were found 
to rapidly increase within 30 min of administration in the high dose group (Fig. 4.3). Overall, 5-HT 
levels increased in a dose- and time-dependent manner. Maximum 5-HT levels were observed in the 
high dose groups during the 6- to12-h time intervals. Lung 5-HT levels declined to baseline levels by 
24 h after administration in all treatment groups except the high dose group (Fig. 4.3).  
5-HT and 5-HIAA excretion in feces and urine 
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Table 4.1 illustrates the total 5-HT and 5-HIAA levels measured in the urine. In our study, we found 
significant amounts of 5-HIAA excreted in the urine, but not 5-HT. In this study, we included fecal 
analysis of 5-HT and 5-HIAA levels in order to determine the extent of 5-HT that escapes 
metabolism as described in Table 4.1.  
Discussion:  
Peripheral 5-HT plays a pivotal role in glucose and lipid metabolism thus helps to prevent the life 
style related disease notably metabolic syndrome (MetS). Therefore, foods containing high levels of 
5-HT may be useful to treat or prevent MetS by correcting abnormalities in lipid and glucose 
metabolism. These results would provide important information for determining the dose of 5-HT 
needed to realize maximum benefits after oral administration. 
 
Chapter 3: 
Conclusion 
The described results may contribute to our understanding of the origin and nutritional, physiological 
and medical consequences of ingesting naturally occurring indole compounds and help to contribute 
to prevent the life style related disease. Indole compounds comprise a diverse class of plant 
metabolites useful to human. Many of these compounds are produced in minor quantities, and 
extraction and purification are often uneconomical. Producing large amounts of indole compounds in 
common foods may provide a better alternative. However, multiple enzymes often control complex 
metabolic pathways, and some routes may be regulated in a highly coordinated manner. Besides, here 
it is demonstrated that tryptophan may be an effective mucosal immune-modulating agent, inducing 
rapid recovery and prevention of DSS model of colitis in tryptophan-supplemented mice via the 
down-regulation of inflammatory mediators and restoration of immune homeostasis through Ahr. 
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Besides, the unique health-promoting properties and tryptophan rich fermented rice bran holds great 
promise in protection against UC also, and which may be recognized as a functional food for 
protection of life style related disease. Although only a very small amount of tryptophan is converted 
into serotonin, orally administered serotonin may increase its bioavailability and its metabolism in 
tissues might be contribute to maintain a healthy balance between all its different paths and destinies 
of nutrition, and its role in the pathogenesis of disease. 
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Table 1.2 : Serotonin, tryptophan, and tryptamine levels in leafy vegetables. 
Table 1.1 : Serotonin, tryptophan, and tryptamine levels in major fruits  
Values are shown as the mean ± SD μg/g of fresh weight 
Table 1.3: Serotonin, tryptophan, and tryptamine levels in major root and shoot vegetables. 
Results:   
Table 1.4 : Serotonin, tryptophan, and tryptamine levels in flower and fruit vegetables. 
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を
抑
制
 
す
る
こ
と
を
示
し
た
。
以
上
は
、
イ
ン
ド
ー
ル
化
合
物
に
よ
る
炎
症
性
疾
患
抑
制
と
そ
の
作
 
用
機
序
を
明
ら
か
に
し
た
貴
重
な
知
見
で
あ
る
。
よ
っ
て
、
審
査
委
員
一
同
は
、
本
論
文
が
 
博
士
の
学
位
に
値
す
る
研
究
で
あ
る
と
判
断
し
た
。
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